Introduction
Over several billions of years, the anaerobic digestion of carbohydrates, produced by ancient photosynthetic organisms, has led to the accumulation of reduced and deoxygenated carbon feedstocks in the subsoil. The exploitation of these energetic fossil resources, namely oil, gas and coal, maintains the expansion of humanity by meeting its demand in energy and in raw materials.
Nevertheless, the increasing scarcity of fossil resources paired with the rise of the human population calls for the use of renewable energy sources and carbon feedstocks for the development of fuels and chemicals with a low carbon footprint. Possible ways to meet these requirements involve the utilization of CO2 or biomass wastes, as cheap, non-toxic, cost efficient and abundant raw materials.
1 Yet, their conversion into useful value-added products, currently produced through petrochemistry, requires a significant input of energy to overcome their oxidized nature and high thermodynamic stability. While the development of petrochemistry has relied on the design of efficient oxidation methods able to functionalize hydrocarbons, a smaller number of applications have emerged that involve a chemical reduction. Within the realm of fossil technologies, the choice of the electron or hydride donor, i.e. the reductant, is mostly driven by its cost, reactivity and ease of handling. As such, dihydrogen is successfully utilized at the megaton scale for the upgrading of fossil fuels or as a component of syngas in the FischerTropsch and oxo processes. 2 In contrast, aluminum and boron hydrides are preferred for the reduction of fine chemicals on small to medium industrial scales, due to their high reactivity. 3 We contend that energetic as well as recyclability considerations shall equally provide guidance in the design of reduction strategies and, in this viewpoint, we discuss how current reduction methods and reductants, able to cleave σ and π C-O bonds by hydride transfer, can be utilized for the conversion of organic compounds deriving from CO2, biomass or waste plastics. (The reader is referred to recent literature surveys for the direct reduction of C-O and C=O bonds by electrolysis.) 4 The successes, pitfalls and challenges in the field are considered within the framework of sustainable chemistry.
Specifications for a sustainable hydride donor
Arguably, main-group elements hydrides such as NaBH4, LiAlH4 or sodium bis(2-methoxyethoxy)aluminumhydride (Red-Al ® ) are the most versatile reagents in reduction chemistry. 5 These compounds are indeed readily available from commercial sources and able to reduce a wide range of carbonyls, epoxides, amides, esters and carboxylic acids. Pioneering examples of CO2 reduction with both LiAlH4 and NaBH4 were reported from 1948. 6 A variety of reduction products were observed and/or isolated depending on the CO2/hydride donor ratio and the temperature range, including formate (HCOO), acetal (OCH2O) and methoxide ligands (CH3O). In 2015, Cummins et al. revisited the reduction of CO2 and NaBH4 and isolated Na[HB(OCHO)3] as the main reduction product, under 300 psi CO2. 7 Importantly, the reactions proceed at room temperature without the need for a catalyst, thereby illustrating the high reactivity of aluminum and boron hydrides towards both C=O and C-O bonds. Nonetheless, this kinetic advantage comes at an energy price.
From a thermodynamic standpoint, the formation of C-H bonds by reduction of CO2 only necessitates a low energy input and the redox potential of CO2 couples involving forming acid, CO, oxalic acid, methanol or methane all lie within a range of 0.17 to -0.47 V vs. NHE (25 °C; pH=0) (Scheme 1). 8 In contrast, the oxidation potential of LiAlH4 is quite negative, with
-,)= -1.78 V (vs. NHE). 9 In other words, the reduction of CO2 with LiAlH4
proceeds with an overpotential of ca. 1.3 V, where a 100 mV difference in potentials would suffice to ensure a quantitative reaction. The oxidation potential of NaBH4 is better aligned with the potentials of CO2 couples ( . 9 Yet, NaBH4 is currently produced by the Brown-Schlesinger 10 or Bayer 11 processes, which rely on the energy-demanding electrolysis of NaCl, applying large overpotentials to obtain metallic sodium ( ( + / ) 0 = -2.71 V vs. NHE) (Eq. 1). The latter is then reacted with hydrogen gas at high temperature (250-300 °C) to afford sodium hydride (Eq. 2), which is subsequently converted into NaBH4 with trimethylborate (Eq.
3). Because an excess of sodium with respect to boron is required, the energy cost for electrolysis significantly outweighs the energy provided from NaBH4 as a reductant.
An additional drawback limits the utilization of LiAlH4 or NaBH4 in the large scale conversion of CO2 or other renewable feedstocks: the reduction of oxygenated substrates with these hydride donors affords, after a common step of hydrolysis, stoichiometric amount of oxidized boron and aluminum salts, which are only recyclable to hydrides at the expense of high energy costs (e.g. (2) . In the latter case, the presence of two amino-phosphine residue coordinated to the ruthenium atom was found to be pivotal for the catalytic activity as related Noyori-type catalysts bearing diamine and diphosphine are completely inactive in the hydrogenation of esters, though they are efficient with ketones. A milestone in TH reactions with FA was reached with the development of bifunctional catalysts, 43 which allow the minimization of both the ADH pathway and/or the subsequent hydrogenation of the substrate that are likely involved in Watanabe's pioneering example. In fact, the necessity to discover catalysts that selectively promote TH over other side reactions is of paramount importance to realize the potential of FA as a sustainable reductant able to complement H2 with potentially unprecedented selectivites (regio-, chemo-or stereoselectivities).
In 1995, Shvo et al. reported that the cyclopentadienone-ligated ruthenium carbonyl complex {[Ph4(η 5 -C4CO)]2H]}Ru2(CO)4(µ-H) (6) enables the TH of unactivated ketones and aldehydes into the corresponding alcohols or formate esters at 100 °C in neat FA (Scheme 6). 44 The dehydrogenation of FA was not observed even after 24 h in the absence of the carbonyl reagent. Several synthetic equivalents of cofactors containing the 1,4-dihydropyridine scaffold have been devised and their regeneration through transition-metal-based catalysis with H2 or formates studied. 51 The reduction chemistry of the foremost NAD(P)H analogs, namely Hantzsch esters (HEH) and 1-benzyl-1,4-dihydronicotinamide (BNAH), has also been widely explored with either organo-or transition metal-based catalysts. 52 Thermodynamically, these reductants are Nonetheless, they can serve as reductant to unveil new catalytic transformations for the recycling of CO2 to fine chemicals, which can then be transposed to other renewable reductants. A recent example of this strategy is the conversion of CO2 to methylamines which was first unveiled by Cantat et al. 62 and Beller et al. 63 by reacting CO2 with amines and hydrosilanes, before it was transposed to (transfer)hydrogenation with H2 and FA. 
Concluding remarks
The utilization of renewable carbon feedstocks, such as CO2 or biomass, for the production of fuels and chemicals is a pressing challenge in chemistry and catalysis. It requires the development of efficient reduction methods aiming at deoxygenating these oxidized resources.
Recent progress has shown that new chemical transformations can be devised to enlarge the scope of products available from CO2 and lignin, for example. To translate these successes into practical applications, the nature of the reductant, utilized to promote C-O, bond cleavage is a hurdle as current reductants are based on fossil resources and/or are energy intensive. The ideal reductant combines thermodynamic and kinetic properties enabling the reduction of C-O and C=O bonds with a low overpotential and is produced from renewable energy and feedstocks. In this context, H2 and formic acid are readily available candidates but their utilization imposes the design of efficient catalytic systems able to facilitate the (transfer) hydrogenation of reluctant substrates. In particular, catalysts active in the reduction of CO2 and carboxylic acid derivatives by transfer hydrogenation with formic acid, without competing release of H2, are still to be developed. Bioinspired reductants, based on the NAD(P)H or FADH2 cofactors, have been overlooked in the reduction of CO2 and biomass although they could be useful reagents in the production of fine chemicals from renewables. Finally, hydrosilanes and hydroboranes have been extensively applied to CO2 reduction over the last five years, thanks to their mild reduction potentials and increased reactivity towards oxygen-rich materials. Yet, these reductants should be considered as disposable due to their low atom economy. In addition, they currently suffer from production methods that are highly energy intensive. New strategies and synthetic methods aiming at producing hydrosilanes and hydroboranes from Si-O and B-O functionalities would offer an appealing achievement in hydrosilylation and hydroboration chemistry. These challenges represent exciting research questions in which homogeneous and heterogeneous catalysis as well as organic chemistry are key.
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